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Abstract 
Although the physical properties of fault rupture that causes a dip-slip earthquake (ordinary presumed as mode-II shear crack 
propagation) in “composite” or stratified media in Earth’s crust may be significantly different from those in a monolithic one, 
fracture along interfaces is usually neglected in seismological analysis. That is, the primary fault rupture (main crack) is normally 
assumed to penetrate an interface and further propagate in the adjacent (similar or dissimilar) geological layer. However, as is 
well known in the field of fracture mechanics, in reality, the primary fault rupture may be deflected (bifurcated) at and 
propagated along the interface. In the static context, crack penetration and/or deflection in a bi-material system is often
investigated for a main crack extending at an angle to (and until) the interface. Interfacial fracture ahead of the primary rupture 
front (tip) may also induce deflection, but the technical details of dynamic rupture deflection / penetration at or across an 
interface have not been fully clarified yet. The purpose of this study is to theoretically consider a possible seismic rupture model 
that takes into account dynamic interfacial deflection and penetration on (or ahead of, if any) a primary rupture front moving at 
an angle toward an interface in a heterogeneously stratified medium. Based on analytical dynamic fracture mechanics and 
utilizing a two-dimensional finite difference scheme, we illustrate the dynamic stress fields associated with the wave expansion 
from primary fault rupture and the wave interaction with geological features of discontinuity. The wave structures in the 
proximity of propagating fault rupture front in a linear elastic stratified medium show the possible effect of the Mach numbers 
(i.e. ratios between the rupture velocity (crack tip speed) and the velocities of the elastic waves in the surrounding medium) on 
the initiation and propagation of secondary cracks. 
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1. Introduction 
Rupture and wave propagation as well as wave-induced fracture in a stratified medium is of importance not only 
in the area of seismology but also in mining and civil engineering. The wave patterns generated by sudden release of 
stored energy (e.g. earthquakes, detonation of explosives) in such a layered medium may become extremely 
complicated. Especially, the mechanical characteristics of dip-slip fault rupture in a stratified medium may be 
significantly different from those in a monolithic one due to the effect of interfaces (planes of weakness) between 
geological layers, pre-existing cracks, flaws, inclusions or other inhomogeneities. Depending on the nature of the 
induced waves, the rupture (crack) may accelerate or decelerate during the interaction phase, and in some 
circumstances, the primary fault rupture (main crack) may penetrate an interface and further propagate in the 
adjacent (similar or dissimilar) layer and/or it may be deflected (bifurcated) at and propagated along the interface. 
Although the theoretical basis of elastic wave propagation and the interaction of stress waves with the interface 
between two dissimilar solid media with the resulting generations of reflected, refracted, and diffracted waves has 
been well established and summarized in textbooks, for instance, by Kolsky (1953), Ewing et al. (1957), Achenbach 
(1973), Graff (1975) and Miklowitz (1978) (Rossmanith and Uenishi (1998)), the details of dynamic rupture 
deflection / penetration at an interface have not been thoroughly understood yet. Hence, interface rupture is usually 
ignored in seismological analyses. 
Figure 1 depicts geometrical crack-interface settings typically found in rock fracture mechanics. In a common 
model (Fig. 1(a)), a crack is lying at the interface between two different isotropic elastic media and the interface is 
welded or strongly bonded. Figure 1(b) and (c) indicate a vertically extending crack that will penetrate and has been 
deflected, respectively, and Fig. 1(d) illustrates the case where we have both penetration and deflection. The 
situation may become more complex if crack kinking occurs (Figs. 1(e)-(f)). In the static framework, the possibility 
of crack deflection and penetration in a bi-material is normally analyzed for a stationary main crack extending at an 
angle to and terminating at the interface: Using a concept of mechanical balance between interfacial deflection and 
penetration, a condition for crack deflection that involves a critical strength or toughness ratio and depends on the 
material mismatch between the two layers may be analytically shown (e.g. He and Hutchinson (1989), Gupta et al. 
(1992)). Another possible mechanism of static crack deflection and penetration at an interface includes occurrence 
of interfacial fracture ahead of the main crack tip and deflection resulting from linking between the interfacial 
fracture and the primary rupture: For example, interfacial fracture nucleation ahead of a primary crack in two-
dimensional linear elastic media has been analyzed by Leguillon et al. (2000) where the competition between the 
growth of the main crack and the interfacial fracture as well as that between the interfacial fracture and penetration 
ahead of the primary crack has been considered. Also, crack deflection as an interaction between the primary crack  
 
(a) 
 material 2 
material 1 
crack 
 (b) 
 
penetration 
 (c) 
 
deflection 
 
(d) 
 
 (e) 
 
 (f) 
 
 
Fig. 1. Typical crack-interface configurations encountered in rock fracture mechanics (modified after Rossmanith and Uenishi (1998)). 
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and the growth of an interface defect has been investigated by Lee et al. (1996). However, as pointed by Leguillon et 
al. (2000), this latter deflection mechanism has often been analyzed for an interface between similar materials. 
The main objective of this contribution is to propose and theoretically investigate a possible seismic rupture 
model that allows for dynamic interfacial deflection and penetration on or ahead of a primary rupture (ordinary 
mode-II crack) front propagating at an angle to an interface in a heterogeneously stratified medium. The preliminary 
analysis presented here is based on analytical dynamic fracture mechanics and the finite difference technique partly 
developed in our earlier study (Rossmanith et al. (1997), Uenishi and Rossmanith (1998, 2002)) where the stability 
of dynamically propagating cracks in brittle materials as well as blast wave propagation in elastic monolithic or 
stratified media has been analyzed systematically. We analytically and numerically discuss the two-dimensional 
wave expansion from primary fault rupture as well as the dynamic wave interaction with pre-existing interfaces 
between linear elastic bedrock and a layer. We indicate, just as the case of blasting simulations (Rossmanith et al. 
(1997), Uenishi and Rossmanith (1998)), the wave patterns in the vicinity of propagating fault rupture front (crack 
tip) depend significantly on the ratios (Mach numbers) between the rupture velocity (crack tip speed) and the wave 
speeds in the medium under consideration. 
2. Waves accompanied by crack propagation: theoretical backgrounds 
First, we briefly discuss the analytical aspects of the dynamic crack-interface problem by showing the Mach-
number dependency of the stress distributions around the tip of a running mode-II shear crack. Here, for simplicity, 
we study dynamic mode-II crack propagation in a perfectly bonded similar layers (equivalent to that in a monolithic 
linear elastic medium). Consider an arbitrary motion of a crack tip in the [, K-plane subjected to a general exterior 
stress field except that the crack tip speed c is always in a subsonic range (c < cS: shear wave speed in the medium) 
and also less than the Rayleigh wave speed, cR. The local Cartesian (x, y) and local polar (r, T) coordinate systems 
are attached with the crack tip P([, K) so that the crack velocity vector is parallel to the positive x-direction which 
also coincides with T = 0 (see Fig. 2). The plane elastodynamic asymptotic stress field for running cracks can be 
generally expressed as (Freund (1990), Uenishi and Rossmanith (2002)) 
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where KI and KII correspond to the mode-I and mode-II dynamic stress intensity factors, respectively, and Vxf is a 
uniform normal stress acting parallel to the crack line T = 0 (crack-parallel stress). The functions fijI and fijI are given 
by 
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Fig. 2. Dynamic crack propagation in a two-dimensional medium (modified after Uenishi and Rossmanith (2002)). 
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 Fig. 3. Asymptotic stress fields related to mode-II cracks extending vertically upwards in a two-dimensional monolithic (possibly with strongly 
bonded interfaces) linear elastic solid. The Mach number MS = c/cS for each case is (a) 0 (static), (b) 0.4, (c) 0.6, (d) 0.8 and (e) 0.85, respectively. 
The distributions of the normalized maximum in-plane shear stress 
IIKl /max SW  are shown (Poisson’s ratio: 0.25, l: representative length). 
stress fields (incorporated in O(1)) will be neglected, and for the mode-II analysis, KI as well as the crack-parallel 
stress Vxf is assumed to be zero. 
Figure 3 depicts the stress fields associated with static and dynamic mode-II cracks that are expressed by the 
above two equations. The main crack extends vertically upwards in a linear elastic solid with Poisson’s ratio being 
0.25. The distributions of the normalized maximum in-plane shear stress for five different subsonic Mach numbers 
(MS = c/cS < 1) indicate that in a relatively low speed range (MS d 0.6; Figs. 1(a)-(c)), Wmax at a fixed small radius r = 
r0 from the tip (within the singularity-dominated area) reaches a maximum at an angle T = 0 with respect to the 
current crack growth direction. If Wmax is related to some fracture criterion, (vertical) crack penetration across an 
interface (and/or deflection starting from a position on the primary crack plane, e.g. red circle in Fig. 1(c)) may be 
expected at such low crack tip speeds. On the contrary, at larger MS (Figs. 1(d)-(e)), Wmax at r = r0 becomes largest at 
T z 0. If an interface that is “weaker” against fracture than the surrounding medium exists as drawn in Fig. 3(e), then 
secondary cracks may be initiated on the interface at positions off the primary crack plane (marked by red circles) 
and they may extend to form a deflected secondary crack plane on the interface. This situation may be similar to the 
analytical result of Yoffe (1951) where the elastodynamic equations for a running crack of finite length are solved 
and the dependency of the structure of the near tip singular field on the crack propagation speed is discussed: She 
found that, when MS > 0.6, the circumferential normal stress at r = r0 is maximum at T z 0. Although laboratory 
experiments and observations suggest that (at least) for a mode-I crack in brittle amorphous solids (glass, PMMA), 
the crack propagation speed has an upper limit of order MS = 0.5-0.6 (the fracture surface is mirror-smooth only for 
2l 
crack 
c 
(interface) 
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MS < 0.27-0.36 and the crack surface roughens severely at higher speeds and the crack bifurcates at the highest 
speeds) (Uenishi and Rossmanith (2002)), in seismology much larger MS, usually close to 1 and sometimes over 1 
(supershear rupture) (Uenishi (2009)), is presumed based on inversions of seismograms. As stated above, interface 
rupture (deflection) is normally neglected in seismological analysis of dip-slip faulting. If we accept relatively large 
MS inferred in seismology (say, 0.8-0.85) (and again if Wmax is related to crack elongation), Fig. 3 suggests at least we 
should try to take into account the effect of interface rupture in the analyses of earthquake source dynamics. 
3. Discussion: some preliminary numerical simulations 
In order to confirm the above analytical speculations numerically in dissimilar media, we study the dynamic 
wave fields produced by rupture of a straight dip-slip fault. Our preliminary model contains a fault plane (primary 
mode-II crack) dipping 90° and also has a horizontal plane of weakness (interface). We suppose the initial static 
shear increases linearly with depth. Since we treat the problem in the framework of linear elasticity, we may set, 
without loss of generality, the longitudinal wave speed cP1 in the bedrock (material 1) as 1. When Poisson’s ratio is 
Q1 = 0.25, the shear wave speed cS1 becomes 1/ 3  (~ 0.58), with the Rayleigh wave speed cR1 being some 0.53. On 
top of the bedrock, we have a dissimilar horizontal layer (material 2; thickness 2.5, P wave speed cP2 = 2 (Fig. 4(a)) 
or 0.5 (Fig. 4(b)), Poisson’s ratio Q2 = 0.25). We use the orthogonal 200 times 200 grid points and calculate 
displacements at each grid point with the second order accuracy. The uniform spacing between each orthogonal grid 
is some 0.05, and the time step is also constant to be approximately 0.0125 if cP2 = 2 (0.025 if cP2 = 0.5). We further 
assume the energy absorbing boundary conditions at the outer boundaries except for the upper free surface where 
the vertical normal and the tangential shear stresses are always zero. The mass density is the same for both materials 
1 and 2, i.e. U1 = U2, and hence acoustic impedance mismatch is U2cP2/(U1cP1) = 2 (Fig. 4(a)) or 0.5 (Fig. 4(b)). As a 
first step toward more realistic simulations, here, for simplicity, we do not include any fracture criterion on the 
interface (The interface is strongly bonded). Furthermore, we consider crack-like rupture, i.e. once a fault segment  
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Fig. 4. Development of typical dynamic wave fields (in terms of the normalized maximum in-plane shear stress Wmax/(U1cP12)) associated with a 
primary mode-II rupture (crack) propagation in a dissimilar media. The rupture front (crack tip) speed is (a) subsonic both in the bedrock and the 
more rigid layer (MS1 = c/cS1 = 0.8; MS2 = c/cS2 = 0.4; c < cS1 < cS2) and (b) subsonic in the bedrock but transonic (supershear) in the more 
compliant layer (MS1 = 0.8; MS2 = 1.6; cS2 < c < cP2 < cS1). (Poisson’s ratio: 0.25). 
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is ruptured, the accumulated static shear stress on that segment is released and that section of the fault remains 
broken without being healed. We also presume a constant rupture speed, MS1 = c/cS1 = 0.8. 
Figure 4 shows snapshots of dynamic Wmax fields for fault rupture initiated at depth 5. In Fig. 4(a), the rupture 
front propagates subsonically both in the bedrock and the layer (c < cS1 < cS2), and the situation looks relatively 
similar to that in the previous chapter (Figs. 3(d)-(e)). The wave around the crack tip (rupture front wave, marked 
“R”) interacts with the interface, and interface waves are generated and propagated along the pre-existing interface 
(marked “I”) into the far-field. Interfacial deflection (delamination) might be expected and wave energy may be 
trapped in the layer (so-called channeling effect). In Fig. 4(b), the rupture front, initially at a subsonic speed, enters 
the layer and propagates faster than the shear wave (cS2 < c < cP2 < cS1). In the layer, Mach waves, carrying 
concentrated kinematic energy but corresponding only to the shear wave in this case, are generated. We also notice 
these Mach waves are reflected at the free surface, and the reflected rupture front waves may be guided by the 
ruptured fault plane and propagated downwards into depth. Thus, the stress fields around the rupture front and the 
interface may become fairly complicated and totally different even in these two simple models. 
4. Conclusions 
We have discussed, analytically as well as numerically, the wave expansion from primary fault rupture and the 
dynamic wave interaction with a geological plane of weakness. We indicate, like in the case of earlier blasting 
simulations, that the distributions of dynamic stresses around propagating fault rupture are strongly dependent on the 
Mach numbers. Also, we have emphasized the importance of incorporating rupture initiation and propagation along 
planes of weakness in geophysical investigations handling dip-slip faulting in stratified media. We are now 
investigating, further numerically as well as experimentally utilizing dynamic photoelasticity in conjunction with 
high-speed digital cinematography, the effects of the acoustic impedance mismatch, interface strength, the relative 
layer thickness (as compared with the length of the rupture-induced wave), position and inclination of the dissimilar 
layer (with respect to the primary fault rupture) on interface rupture deflection and penetration. 
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